Abstract: Aqueous dispersions of hydrophobic high-molar-mass cellulose-graft-polystyrene (Cel-g-PS) copolymers were prepared by nanoprecipitation from dioxane solutions using sodium dodecyl sulfate as a stabilizer. The size and structure of formed Cel-g-PS nanoparticles were studied by scattering techniques (static and dynamic light scattering, SAXS) and transmission electron microscopy. The scattering and microscopy data show that nanoprecipitation of Cel-g-PS leads to the formation of polydisperse aggregates of collapsed Cel-g-PS macromolecules containing entrapped SDS micelles in the kinetically frozen state.
Introduction
Polymer-surfactant interactions have been extensively studied in the last two decades with respect to the preparation of self-assembled nanoparticles and nanostructured materials with promising applications both in medicine and in technology. [1] [2] [3] [4] Many studies in this field have been focused to complexes of polyelectrolytes and oppositely charged ionic surfactants.
Since polyelectrolyte-surfactant complexes are water-insoluble close to the zero net charge, co-assembly of block copolymers consisting of a polyelectrolyte block with oppositely charged surfactants allows for preparation of nanoparticles with the core of the insoluble complex and the shell of the neutral blocks. [4] [5] [6] In the case of neutral hydrophobic polymers, surfactants are often used as stabilizers in order to prepare polymeric nanoparticles in aqueous media. These can either be prepared by emulsion polymerization, in which nanoparticles are formed from hydrophobic monomer nanodroplets dispersed in the aqueous medium, [7] [8] [9] or by nanoprecipitation, which consists in formation of polymer nanoparticles by microphase separation of the polymer after mixing the polymer solution in a water-miscible organic solvent with water. The latter technique, which has been widely used in pharmacology for preparation of carrier vessels for drug delivery, [10] [11] [12] is the subject of this paper.
Even though there are a number of articles about nanoprecipitation of polymers, most of them aim at encapsulation properties and pharmacological applications, while only a very few of them are focused on the structure of nanoprecipitated particles. 13 Furthermore, nanoprecipitation studies usually deal with low-molar-mass polymers which behave as liquids and coalesce into compact particles, 14 the size of which scales with the aggregation number as R ~ N agg 1/3 . In this paper, we present a study of nanoparticles prepared by nanoprecipitation of cellulose-graft-polystyrene (Cel-g-PS) copolymers with the molar mass of the order of 10 6 g mol -1 and high grafting densities. Our goal is to address the question whether the nanoprecipitation of such large dense macromolecules occurs as coalescence or whether it rather resembles the aggregation of solid particles. In the latter case, the aggregation process results in formation of fractal particles, so that R ~ N agg 1/d , where d is the fractal dimension which is about 1.8 for diffusion-limited aggregation process. 15 We use two Cel-g-PS samples differing in the grafting density and sodium dodecyl sulfate (SDS) as a stabilizing surfactant. The structure of the nanoparticles is investigated by microscopic (TEM) and scattering (light scattering, SAXS) techniques. We also study the dependence of the size of the particles on the concentration of the copolymer in dioxane solution and the surfactant in the aqueous solution.
Experimental Part
Materials. Polymer Synthesis. Cellulose-graft-polystyrene (Cel-g-PS) copolymers (Scheme 1) were prepared by the "grafting-from" technique by atom transfer radical polymerization using the macroinitiator prepared by acylation of microcrystalline cellulose by 2-bromoisobutyryl bromide under homogeneous reaction conditions in the N,Ndimethylacetamide/LiCl solvent system. Two samples differing in the grafting density were used for the study (Table 1) . Details on the synthesis and characterization of the samples are given in ref. 16 .
Scheme 1. Structure of Cellulose-graft-Polystyrene Copolymers
Preparation of Cel-g-PS Aqueous Dispersions. Cel-g-PS aqueous dispersions were prepared by adding 0.1 mL of the Cel-g-PS solution (1-10 mg/mL) in 1,4-dioxane dropwise into 0.9 mL of aqueous sodium dodecyl sulfate (SDS) solution (1-100 mM) under vigorous stirring. Excess SDS was removed by dialysis against deionized water. The -potential of the nanoparticles in aqueous dispersions was found to be about -30 mV and independent of the SDS concentration in the aqueous solution before the dialysis. The dispersions prepared from 10 mg/mL Cel-g-PS dioxane solutions and 0.1 M aqueous SDS (the final concentration of the copolymers in the dispersion was thus 1 mg/mL) were used for electron microscopy and SAXS measurements. For LS measurements, the dispersions were further diluted with deionized water to achieve the final copolymer concentration 0.1 mg/mL. Static light scattering (SLS) measurements of Cel-g-PS solutions in dioxane were treated by the Berry method using the equation
where M w , and A 2 , respectively, are the weight-averaged molar mass, R g 
(t), related to the electric field autocorrelation function, g (1) (t), by the Siegert relation, g (2) (t)=1+|g
The data, collected for various copolymer concentrations and scattering angles were fitted (i) with the aid of the constrained regularization algorithm (CONTIN) which provides the distribution of relaxation times , A(), as the inverse Laplace transform of g (1) (t) function
and (ii) to the second order cumulant expansion
where  1 and  2 , respectively, are the first and the second moment of the distribution function of relaxation rates. The z-averaged diffusion coefficient of the particles, D z , was obtained by the linear extrapolation to zero q and c values as
where C is the structure parameter dependent of the shape and degree of polydispersity of the particles and k D is the hydrodynamic virial coefficient.
The average hydrodynamic radius (the z-average of R H -1
) was calculated from D z , by means of the Stokes-Einstein formula
where k B is the Boltzmann constant, T is the temperature and  0 is the viscosity of the solvent. The A() distributions can be recalculated to the distributions of apparent hydrodynamic radii, R H app , using the relationship
Electrophoretic Light Scattering. -Potential measurements were carried out with a Nano-ZS Zetasizer (Malvern Instruments, U.K.). -Potential values were calculated from electrophoretic mobilities (average of three subsequent measurements, each of which consisted of 15-100 runs) using the Henry equation in the Smoluchowski approximation,  = , where  is the electrophoretic mobility and  is the dielectric constant of the solvent.
Transmission Electron Microscopy (TEM). TEM micrographs were obtained with a
Tecnai G2 Spirit Twin 12 microscope (FEI, Czech Republic) at 120 kV using bright field imaging and various tilt angles (0° and 50°). The samples were prepared as follows: 2 μL of Cel-g-PS copolymer solution in dioxane or nanoparticle dispersion in water (the copolymer concentration was, c P = 1 mg/mL, in both cases) were dropped onto a copper TEM grid (300 mesh) coated with thin, electron-transparent carbon film. The solution was sucked out by touching the bottom of the grid with filtering paper. This fast removal of the solution was performed after 1 min in order to suppress oversaturation during the drying process.
Small-angle X-Ray Scattering (SAXS). SAXS experiments were performed on the P12
BioSAXS beamline at the storage ring PETRA III of the Deutsche Elektronen Synchrotron The experimental data were normalized to the incident beam intensity, corrected for nonhomogeneous detector response, and the background scattering of the solvent was subtracted.
The solvent scattering was measured before and after the sample scattering to control for possible sample holder contamination. We recorded 20 diffraction patterns originating from the same sample volume, using an exposure time of 0.05 s. This backgroundcorrected SAXS data were used to calculate one-dimensional scattering curves by angular averaging.This background-corrected SAXS data were used to calculate one-dimensional scattering curves by angular averaging using an automated acquisition and analysis program 
Results and Discussion
Characterization of Cel-g-PS copolymers by light scattering. Prior to the preparation of nanoprecipitated particles, both Cel-g-PS copolymers were studied in 1,4-dioxane solutions at concentrations ranging from 1 to 10 mg/mL by static and dynamic LS in order to determine their molar mass, size and interaction parameters. Berry plots and dynamic Zimm plots of the scattering data for both copolymers are shown in Fig. 1 . They are qualitatively similar for both samples with the exception of the sign of the hydrodynamic virial coefficient, which indicates that in the case of Cel-g-PS-I, the thermodynamic contribution to k D is lower than the friction contribution, oppositely to the case of Cel-g-PS-
where k f is the friction coefficient and v is the molar volume of the scattering particles).
Results obtained from the evaluation of the scattering data (eqs. 1,4,5) are summarized in Table 2 . Similarly to the previous study, 16 the molar masses of both samples are significantly higher than those calculated from the known grafting densities and molar masses of the grafts and backbones. Moreover, the molar mass of Cel-g-PS-II is more than four times higher than that of Cel-g-PS-I, although according to the grafting densities, M w of both samples should differ only by the factor of approximately two. It has been hypothesized that the discrepancy between calculated M w theor and measured M w can be ascribed to a partial intermolecular recombination of growing polystyrene chains, resulting in covalent bonding between different copolymer molecules. 16 Since the probability of the formation of a crosslink of two backbones via the recombination of the grafts increases with the increasing number of grafts, this assumption is supported by the fact that the difference between M w theor and measured M w is larger for the sample with the higher grafting density.
Cel-g-PS Nanoparticles in Aqueous Dispersions. Light and small-angle X-ray
scattering were used in order to elucidate the structure of Cel-g-PS nanoparticles in water. 
where I 0 is the forward scattering intensity, R g is the gyration radius and  1 is the exponent in the power law regime, provides the values of the particle gyration radius, 260 nm for Cel-g-PS-I and 269 nm for Cel-g-PS-II. The gyration radii can be compared with the results of dynamic LS measurements (Fig. 3) . The obtained apparent diffusion coefficients are strongly q-dependent. While the increase of D app with q is due to polydispersity of the scatterers, the decreasing part of the dependence for high q is caused by back reflected light. 21 Hydrodynamic radii calculated from the diffusion coefficients extrapolated to zero q are 226 nm for Cel-g-PS-I and 238 nm for Cel-g-PS-II, yielding the R g /R H ratios, , 1.15 for Cel-g-PS-I and 1.13 for Cel-g-PS-II. 
where I 0 and I 1 are prefactors,  is the full width in the half-maximum of the peak (the correlation length) and q c is the center of the peak. The fit provides the values of the exponent  2 about -2.6 (-2.53 for Cel-g-PS-I and -2.63 for Cel-g-PS-II), indicating that the particles have a dense, but not fully collapsed structure with the mass fractal dimension d m = - 2 .
The maxima of the peaks, q c , are 1.44 nm -1 for Cel-g-PS-I and 1.67 nm -1 for Cel-g-PS-II and indicate a local ordering at the lengthscale, l=2/q c , of ca. 3-4 nm. Since this value is close to the diameter of SDS micelles, the peak suggests the presence of the packed SDS micelles in the particles (similarly to polyelectrolyte-surfactant complexes, in which this behavior can be much more pronounced 23 ). Let us remind that the dispersions remain stable (the particles keep the negative zeta potential of about -30 mV) even though they undergo dialysis during which free surfactant is removed from the solution. This behavior clearly
indicates that the Cel-g-PS/SDS complex is in a kinetically frozen state so that a fraction of SDS remains trapped in the interior of the collapsed Cel-g-PS macromolecules. Transmission Electron Microscopy. TEM was used to visualize the structure of Cel-g-PS macromolecules before (Fig. 4a-d) and after ( Fig. 5a-d ) the nanoprecipitation process.
The aggregation was observed not only on the micrographs of the samples obtained by drying of the aqueous dispersions ( Fig. 5a-d ) but also on those prepared from the solutions in 1,4-dioxane ( Fig. 4a-d) which suggests that the observed aggregates form rather as a result of the deposition of the copolymer on the TEM grid and drying.
The micrographs clearly show that the mean diameter of the particles from the aqueous dispersions (about 170±80 nm for both Cel-g-PS-I and Cel-g-PS-II) is smaller than those from 1,4-dioxane (about 100±40 nm). This difference suggests that the large particles deposited from the 1,4-dioxane solutions are fused aggregates of several Cel-g-PS macromolecules. In the case of aqueous dispersions, the fusion is not possible because the collapsed macromolecules loaded with the surfactant lack flexibility to do so. This explanation is supported by the micrographs obtained at the tilt angle of 50°, which reveal that the nanoprecipitated macromolecules from the aqueous dispersions are less flattened than those deposited from the dioxane solutions. In order to study the influence of the sample preparation process on the observed particles, we employed another two scanning transmission electron microscopy (STEM)
techniques: (i) In the case of 1,4-dioxane solutions, the samples were freeze dried and observed in high vacuum STEM.
(ii) In the case of the aqueous dispersions, we studied the hydrated state by means of wet-STEM (STEM in the environmental mode as described in Supporting information). In both cases, the obtained images corresponded to those obtained by fast-drying at the room temperature followed by high-vacuum TEM microscopy. For the results and the experimental details of STEM techniques, see the Supporting Information.
Dependence of Cel-g-PS Particle Size on Copolymer and Surfactant Concentration.
Since the formation of the nanoprecipitated particles is controlled both by the aggregation of Cel-g-PS macromolecules and by the adsorption of SDS on the formed aggregates which hinders the aggregation process, it can be expected that the size of the resulting particles will change with changing the initial polymer and SDS concentrations, c P (from 1 to 10 mg/mL) and c SDS (from 1 to 100 mM), in the preparation protocol described in the Experimental Therefore, taking into account that in our case the aggregation number scales with the size as
, where d = 2.53 is the mass fractal dimension, and assuming further that the characteristic time of mixing at which the aggregates reach their maximum size is independent on c P , the increase in the particle size with the copolymer concentration should (Fig. 5a-d) is lower (about 50 nm) but it is necessary to keep in mind that we compare the number averaged value with the hydrodynamic radii from DLS which is based on the z-averaged diffusion coefficient. In the case that we follow the R H of the aggregates as a function of c SDS (at c P = 1 mg/mL), the slight decrease in the hydrodynamic radius with the decreasing SDS concentration is observed (Fig. 6, curve 2) . (SDS concentrations below 1 mM were insufficient for the stabilization of the nanoparticles and macroscopic precipitation of the copolymer was observed.) This behavior can be explained by the decrease in the screening of electrostatic repulsion between individual Cel-g-PS-I macromolecules with adsorbed SDS which dominates over of the effect of the increased rate of the SDS adsorption at higher SDS concentrations.
Conclusions
In this paper, we have studied the structure of nanoparticles in aqueous dispersions prepared by nanoprecipitation of high-molar-mass densely grafted cellulose-graft-polystyrene copolymers from 1,4-dioxane solutions. Scattering and transmission electron microscopy measurements show that the aggregation of Cel-g-PS in the presence of sodium dodecyl sulfate leads to the formation of loose clusters of individual collapsed macromolecules, the size of which is kinetically controlled and can be tuned by changing the Cel-g-PS concentration in the 1,4-dioxane solution which is mixed with the aqueous SDS. The aggregates are electrostatically stabilized by entrapped SDS anions (SAXS in the high-q region indicates that the particles contain densely packed SDS micelles) which cannot escape from the interior of the particles and keep them negatively charged when the dispersion is subject to dialysis and excess surfactant molecules are removed from the solution. Therefore we can conclude that the aggregation of large branched macromolecules resembles rather that of solid colloidal particles than that of small polymers because the individual collapsed macromolecules in the aggregate do not fully penetrated and remain only loosely connected.
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Supporting Information file containing STEM images of (i) Cel-g-PS particles from freezedried 1,4-dioxane solutions and (ii) hydrated Cel-g-PS particles from aqueous dispersions obtained in the environmental mode (wet-STEM).
